INTRODUCTION
Reliable methods for identifying women at risk to become incontinent after delivery are lacking, and often have low sensitivity and specificity. Anorectal manometry shows great inter-individual variance of external and internal anal sphincter functions among continent subjects 1 , and even more among patients with incontinence. 2 Endoanal ultrasound allows identification of delivery-related muscle trauma 3, 4 but has poor correlation to functional findings such as with needle electromyography (EMG) 5 and manometry. 6 Needle EMG is used in clinical practice to investigate the neuronal control of the external anal sphincter (EAS) in patients with defecation disorders. 7 Surface EMG signals detected by electrodes incorporated in a probe and inserted into the anal canal have also potential applications in the analysis of pelvic floor muscles. 8 Although surface EMG is less selective than needle EMG, it is less invasive and provides information about a greater tissue volume.
Pairs of electrodes have been applied in previous works. [9] [10] [11] [12] The analysis of the EAS muscles by surface EMG has recently suggested the possibility of locating the innervations zones (IZ) of the EAS and, therefore, its principle ability to prevent neuronal damage during elective episiotomy, especially in cases of asymmetric sphincter innervation. 7 Some preliminary results based on two channel detection of surface EMG indicated a correlation between childbirth-related sphincter injuries, asymmetric sphincter innervation, and faecal incontinence symptoms. 12 Recently developed multi-electrode probes provide more selective information compared to bipolar probes used in most clinical studies so far. The electrodes of the probe are arranged on circular arrays following the presumed arrangement of muscle fibers. Several motor unit (MU) action potentials (MUAP) travelling across different channels can be identified 13 and the position of the IZ of the identified MUAPs along the circumference can be estimated. [13] [14] [15] Repeatability of the IZ of the EAS. 02/17/2009. Version 10
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Great attention has recently been devoted to the assessment of the distribution of IZ of EAS (see Digestion, volume 69, 2004 , section on the European Community Project OASIS, pp.
84-130). The IZ distribution can be estimated from multi-channel surface EMG signals by visual analysis, 13 or by an automatic method 15 , and the reliable performance of this method was validated on simulated signals. 16 Our method is completely different from other techniques, which do not measure electrophysiological variables, such as the location of the IZ and its asymmetry. It is expected that this totally new information extracted from multi channel surface EMG can support the development of a technique of clinical relevance. In order to evaluate the clinical applicability of our method, the repeatability of the automatic estimation of the distribution of the IZ in EAS muscles is a prerequisite. Repeatability of the estimation of IZ distribution is also a pre-requisite to continuing our research, applying the method on a larger set of subjects and providing clinical evidence of its importance. The repeatability of IZ estimation together with the accuracy of the estimate supported by the simulation study 16 would provide the indication that a single measure is sufficient to get reliable information. This would support the development of a fast, minimally invasive and reliable method with potential clinical relevance.
This work is focused on the assessment of this repeatability. In addition, two parameters indicating asymmetry and non-homogeneity of IZ distribution are investigated.
METHODS

Subjects
Fifteen healthy female subjects participated to the measurements. Two subjects were discarded due to unstable electrode-mucosa contact, resulting in poor signal quality. Thus, Repeatability of the IZ of the EAS. 02/17/2009. Version 10 thirteen subjects were considered for subsequent processing (mean ± SD: age: 35 ± 11 years, height: 163 ± 6 cm, body mass: 61 ± 11 kg). The study was carried out at the University of Tübingen (Tübingen, Germany) and was approved by the Local Ethics Committee. A written informed consent was obtained from each participant prior to the measurement session. All subjects were free from neuromuscular diseases, and all were nulliparous.
Surface EMG measurement
The surface EMG from the EAS was acquired using the system shown in Figure 1a 
Experimental procedure
Subjects were lying on their left side and the probe was held in position by the operator. A drop of glycerin was applied to the tip of the probe to facilitate insertion. The probe was placed by the operator using the visual reference provided by the fin of the anal probe array was identified by a triangular marker, pointing in the direction of increasing electrode number (clockwise in the rear view).
The protocol is shown in Figure 1c . Measurements were performed in two days. For each day, the following procedure was followed. Each subject was instructed to relax completely and to produce maximal voluntary contractions (MVC) on request. Signals were acquired during a rest condition, followed by three MVCs and a final rest condition, with 2 minutes rest between each MVC. The probe was then removed, cleaned and reinserted. The sequence of five acquisitions was then repeated.
Each insertion of the probe can be considered as a separate experimental session, resulting in four independent different sessions per subject.
Signal Processing
Each signal was digitally filtered off-line with a band-pass 4 th order Butterworth filter (15-400 Hz band) using an anti-causal implementation without phase distortion. The algorithm discussed in 16 Two parameters were extracted from the estimated IZ distribution.
1) The asymmetry index (AI) was defined as the distance of the barycenter (centroid of the distribution) from the center of the probe normalized with respect to the radius of Placing the probe exactly in the same position in different experimental sessions may be difficult since the operator can rely only on the probe fin to correctly reposition the probe.
To estimate this error an off-line realignment (based on crosscorrelation of the patterns) was performed to compare IZ distributions obtained from processing signals recorded in different sessions. The relative probe rotation between different sessions can be deducted from the estimated IZ distributions, which showed similar shapes affected by a small shift (see Figure   3 ). The realignment of two estimated distributions of IZ was obtained shifting IZ distributions relative to one taken as a reference by the optimal phase delay (which was limited to 1/16 of the circle and obtained in frequency domain to avoid resolution error 17 ) providing the minimum mean square error between the two distributions.
Assessment of repeatability of the estimated IZ distribution
Twelve IZ distributions were computed using the signals acquired in each of the four sessions (three repetitions in four independent sessions) for each subject and array. Shapiro- Repeatability of AI and STD was assessed using the Interclass Correlation Coefficient (ICC). 18 ICC is defined as the ratio of the variance due to the variability of the subjects and the sum of the variances due to subjects, sessions and repetitions. Its mathematical definition and interpretation are provided in the Appendix.
RESULTS
Repeatability of the IZ distributions estimated from signals acquired within the same session
For each subject and for each session the repeatability of IZ distribution was assessed by evaluating the CMC for the three IZ distributions of a given session. 
Repeatability of the IZ distribution computed for all the acquisitions over different sessions within the same subject
The repeatability of the IZ distribution between different sessions was assessed by 
Repeatability of AI
Results of Kruskal-Wallis ANOVA are shown in Table 1a . AI was found to be dependent on 
Repeatability of STD
STD was found to be dependent on the subjects (p<0.001, d.f.=12) and on the arrays Table 2c .
DISCUSSION
Ever since the first reports of significant muscle defects following delivery, 20 identified by endoanal ultrasound 21 and linked to increased incidence of urinary and fecal incontinence after childbirth, 22, 23 healthy subjects and its clinical importance in cases of pelvic floor trauma or incontinence. 13 However, before this technique may become a gold standard in pelvic floor screening, it needs to be established that measures of IZ location and distribution are repeatable within subjects; it is also of value to know whether more general or rather individual patterns of innervation exist across subjects. This was the purpose of the present study.
Repeatability of the IZ distribution
Four independent experimental sessions were considered. Reinsertion of the probe in different sessions occasionally resulted in a small relative rotation between IZ distributions.
This problem was corrected by alignment of the estimated IZ distributions (see Figure 3) demonstrating that the shift should be attributed to the operator and not to different distributions of MUs in different sessions.
The repeatability of the estimation of the IZ distribution was high (CMC near 0.8), between different trials and sessions within each subject. This indicates that a single trial is sufficient to locate the IZ of the EAS and that the method is suitable for clinical routine, as the procedure is fast and minimally invasive. This conclusion indicates that the proposed technique provides the surgeon with knowledge of the location of the IZs of the EAS and with the information about the potential risk (or the optimal modality) of performing elective episiotomy. Since IZ distribution varies considerably among subjects, a general rule concerning the location of the IZ cannot be provided and individual testing is required.
Repeatability of parameters extracted from the IZ distribution
Differences between IZ distributions of healthy subjects have been assessed. Differences between IZ distributions of healthy and pathological subjects or of healthy females before and after delivery are expected. The two parameters suggested in this work to quantify these
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Page 13 of 26 differences (AI as the asymmetry of IZ distribution; STD as a measure of homogeneity of IZ distribution) were repeatable in the same subject, so that differences in their values among subjects could be associated to differences in the anatomy of EAS and not to chance or noise.
The asymmetry of the innervation of EAS can provide an estimation of the risk for faecal incontinence in case of trauma. 7, 12 AI was also found to be significantly different between the arrays (Table 1a ). Figure 5 shows the great inter subject variability of the IZ barycenter from which the AI is computed.
Values of ICC of the order of 70% were obtained considering the two components of the barycenter of the distribution of IZ. The AI based on both coordinates of the barycenter is preferable to that based on the radial distance only.
While AI gives information about the asymmetry of the IZ of the EAS, STD provides information about the homogeneity of such a distribution. The ICC of STD computed on the IZ distribution of the external array is 34%: this value is lower than that for the other arrays because of the smaller inter subject variance in the external portion of the EAS. This suggests that different subjects have the same type of non-homogeneity of the IZ on the external part of EAS. In particular, two main IZs (corresponding to two peaks of the estimated IZ distribution) were found on 11 out of 13 subjects (see Figure 2a) . The IZs detected by the internal array might belong to MUs of the puborectalis muscle.
Different IZ at different depths
However, these considerations are not relevant for the issue of the repeatability of the IZ.
The automatic method adopted in this work cannot resolve superposition of MUAPs and is more sensitive to large or superficial MUs associated to MUAPs with high amplitude. Thus, the method has limitations similar to those of visual analysis, as the identification of MUAPs by human inspection is also affected by their amplitude, superposition and signal to noise ratio. Nevertheless, the application on simulated signals indicated that the automatic method provides a precise estimate of the position of detectable IZs, with resolution related to the IED. 16 Despite these limitations, indications can be provided from the estimated IZ to guide surgery and reduce the risk of incontinence in episiotomy and other surgical trauma. 25 Page 15 of 26
CONCLUSIONS
Inter-subjects variability of the innervation of the EAS muscle confirms that each subject must be individually studied. Detection systems for high density surface EMG of the EAS and an automatic method for the estimation of the distribution of IZs are available. In a given subject the estimation of the distribution of IZ is repeatable both considering different trials within the same session and independent experimental sessions in different days. Therefore, one measurement is representative.
Our results indicate the potentiality of a fast and minimally invasive test to identify the location of the IZs of the EAS muscle. The importance of this method in providing the surgeon with the information required to reduce the risks of neuronal damage related to episiotomy will be further tested in the near future before and after child delivery in order to prove clinical relevance.
Repeatability of the IZ of the EAS. 02/17/2009. Version 10 The Interclass Correlation Coefficient (ICC) 18 is defined as the ratio of the variance due to the variability of the subjects and the sum of the variances due to subjects, sessions and repetitions. respect to the variability due to the subjects (that is the subjects are different and the measurements are repeatable). ICC near 0% means that the variability due to sessions and repetitions is predominant with respect to the variability due to the subjects (that is the measurements are not repeatable for the same subject).
Repeatability of AI was assessed considering AI both as a scalar value and as a vector of two Cartesian coordinates using a bi-variate statistic. In the case in which AI was considered as a vector, its variance can be represented as the sum of the variance of the two independent components of the bi-variate statistic (corresponding to the X and Y coordinates of AI): 
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